Immature pollen from Nicotiana rustica was bombarded with gold particles coated with plasmid DNA encoding neomycin phosphotransferase II (NPTII) and [3-glucuronidase (GUS) genes which, respectively, are under the control of the cauliflower mosaic virus (CaMV) 35S promoter and nopaline synthase (NOS) terminator in the plasmid. Kanamycin-resistant pollen embryoids were selected from the bombarded pollen cells and two independent lines of transgenic plants were regenerated. Enzyme assays showed that one has both NPTII and GUS activities and the other only weak NPTII activity. Southern blot analyses indicated that the former has a DNA fragment corresponding to the intact expression cassettes for both genes in its genome; whereas the latter lacks intact expression cassettes for both genes and has only the intact nptII coding sequence in its genome. The transgenic plants of both lines have 24 chromosomes, confirming haploidy, and they are infertile. These results indicate that transgenic haploid plants can be produced directly by the bombardment-mediated transformation of immature pollen.
Introduction
The production of haploid plants can be used to achieve homozygosity within a single generation. Consequently, the rapid incorporation of new genes into higher plants will be possible if transgenic doubled haploids can be easily produced. Haploid plants of hundreds of plant species have been produced, mainly by anther/isolated pollen culture (e.g. Prakash and Giles, 1987) . To date, no reports have shown molecular evidence of the stable integration of foreign DNA in the plant genome that would verify the formation of transgenic haploid plants via in vitro androgenesis of transformed pollen. Various means of pollen transformation, including incubation of pollen in DNA solutions, cocultivation with Agrobacterium, microinjection and electroporation have been tried, but in no case have the plants produced been *To whom correspondence should be addressed.
0962-8819 9 1995 Chapman & Hall confirmed as transgenic by molecular data (reviewed by Heberle-Bors, 1991) .
Recently, the pollen of various higher plant species, including those of the dicotyledons tobacco (Twell et al., 1989; Stoger et al., 1992; Nishihara et al., 1993) , tomato (Twell et al., 1989) , Nicotiana glutinosa (Plegt et al., 1992) , N. rustica and peony (Nishihara et al., 1993) and the monocotyledons maize, Tradescantia (Hamilton et al., 1992) and lily (Plegt et al., 1992; Nishihara et al., 1993) , were transformed transiently by particle bombardment. The production of stable transgenic plants by the bombardment of pollen is attractive, but to our knowledge, no successful results have been reported of stable transformation by pollination (Twell et al., 1991) or of in vitro androgenesis of bombarded pollen.
High frequency regeneration of haploid plants through direct embryogenesis in N. rustica immature pollen has been achieved by isolated pollen culture (Imamura et al., 1982; Kyo and Harada, 1985) , and N. rustica pollen also can be transformed transiently as shown recently (Nishihara et al., 1993) . We here report the first successful regeneration of transgenic haploid plants of N. rustica from immature pollen that had undergone particle bombardment.
Materials and methods
Plant material and particle bombardment N. rustica cv. Rustica plants were grown in a phytotron at 20 ~ under natural daylight conditions. Plants that had started to flower one month before the start of the experiments were used as a source of pollen grains. Selection of the flower buds, isolation of pollen and Percoll fractionation were done, with minor modifications, according to the methods described elsewhere (Kyo and Harada, 1990) . Briefly, immature pollen (midbicellular stage) of N. rustica was collected from anthers with corolla lengths of 7.0 to 8.5 mm, as described previously (Kyo and Harada, 1985) , then suspended at a density of approximately 5 • 10 4 cells per ml in medium containing 0.4 M mannitol, 20 mM KC1, 1 mM MgSO4, 1 mM CaC12 and lmM EDTA. The pollen first was cultured at 100 rpm and 25 ~ in the dark for 3 days (50 ml suspension in a 200 ml flask), after which it was purified by Percoll density gradient centrifugation and suspended in medium C (Kyo and Harada, 1986 ) at a density of approximately 105 cells m1-1 A 2 ml suspension of the pollen was spread evenly in a circle (35 mm in diameter) on the surface of a piece of filter paper (ADVANTEC TOYO No. 2, 55 mm in diameter). The pollen was bombarded once with plasmid-coated gold particles 1.1 ~tm in diameter (Tokuriki Honten Co., Ltd, Tokyo, Japan) at the acceleration pressure of 200 kg cm -2 using a pneumatic particle gun device as described elsewhere (Iida et al., 1990a) . Following bombardment, the ceils were recovered from the filter paper together with 4 ml of fresh medium C (Kyo and Harada, 1986) , transferred to two Petri dishes (60 mm in diameter), then cultured at 26 ~ in the dark.
Selection and regeneration
After 1 week of culture subsequent to bombardment, equal amounts (2 ml) of MS medium (Murashige and Skoog, 1962) containing 3% sucrose and 10 mg1-1 kanamycin were added to each Petri dish, and the dishes cultured for another 1 week (final kanamycin concentration 5 mgl-1). The culture then was diluted 2-fold with the same medium, but at a kanamycin concentration of 20 mg 1-1. Half the volume was transferred to a fresh dish and cultured as described above for another 1 week (final kanamycin concentration 12.5mg1-1). An equivalent amount (4 ml) of the same medium with a kanamycin concentration of 15 mg 1-1 was added to each Petri dish, after which half the culture was transferred to a new Petri dish and incubated as described for 4 days (final kanamycin concentration ca 14 mg 1-1). A quarter of the amount (1 ml) of the same medium with a kanamycin concentration of 20 mg1-1 was added to each Petri dish, and the dishes cultured as described (final kanamycin concentration ca. 15 mgl-1). About 40 days after bombardment, growing pollen embryoids were transferred to a plastic container (Agripot, Kirin Co., Tokyo, Japan) containing MS medium with 3% sucrose, kanamycin (200mg1-1) and 1% agar and cultured at 26 ~ in a 15 h light/9 h dark cycle. The viable putative transgenic plantlets were propagated vegetatively and transferred to pots from 4 to 10 months later.
Plasmid DNA A fragment of CaMV 35S pro-nptlI-NOS ter excised from pCaMVNEO (provided by Dr V. Walbot, Stanford University, CA, USA) that had the 1.7 kb HindlII fragment (the nptlI expression cassette) was inserted into pBI221 (Clontech, Palo Alto, CA, USA) that had been digested with Hin dlII and this gave plasmid pBN24 ( Fig. 1 ). pBN24 has both a CaMV 35S pro-nptlI-NOS ter and the CaMV 35S pro-gusA-NOS ter in opposite orientations.
Cytological observation of root tip chromosomes
Chromosome numbers were counted as described elsewhere (Morikawa et al., 1987) . The root tips of the putative transgenic plants were treated with 2 mM 8-hydroxyquinoline for 5 h then fixed with an ethanol: acetic acid (3:1 v/v) mixture overnight. They then were hydrolysed for 10 min in 1 N HCI at 60 ~ after which they were stained in Schiff's reagent and squashed after
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Southern blot analysis
Total DNA was isolated from the leaves of the putative tranformants and untransformed plants of N. rustica by the CTAB method (Doyle and Doyle, 1990) . The isolated DNA was used undigested or was digested with the restriction enzymes: StuI (which did not digest pBN24), Hin dIII (which produced a 1.7 kb fragment of CaMV 35S pro-nptlI-NOS ter, the nptlI expression cassette), Barn HI (which produced a 1.0 kb fragment of the nptlI coding sequence), HindIII/EcoRI (which produced a 3.0 kb fragment of CaMV 35S pro-gusANOSter, the gusA expression cassette) and Xba I/Sac I (which produced a 1.9 kb fragment of the gusA coding sequence, see Fig. 1 ). The digestion products were electrophoresed through 0.7% agarose gels prior to transfer to GeneScreen Plus nylon membranes (Dupont, Boston, USA). Hybridization was done with DNA labelled with [0r using a rTQuickPrime Kit (Pharmacia Inc., Piscataway, NJ, USA) in a solution containing 6 • SSC (1 • SSC contains 0.15~ sodium chloride and 0.015M sodium citrate), 0.5% SDS, 100 ~tgm1-1 denatured salmon sperm DNA and 10% Myers's Irish cream liqueur at 65 ~ The nptlI coding sequence excised from pCaMVNEO as a 1.0 kb Barn HI fragment and the gusA coding sequence excised from pBI221 as a 1.9 kb Xba I-Sac I fragment were the probes. Final washes were done at 65 ~ in 0.1 x SSC and 0.5% SDS. Hybridization signals were made visible by autoradiography with an intensifying screen at -80 ~
NPTII assay
The NPTII assay was done according to An et al. (1985) as modified by Iida et al. (1990b) . Crude protein extracts prepared from leaves (ca 200 mg fresh wt) of the putative transformants and untransformed plants of N. rustiea were assayed. The NPTII activity in the leaf cell extract was evaluated by direct measurement of radioactivity in a scintillation counter. Enzyme activity was expressed as the cpm value per ~tg of protein.
G US assays
A fluorometric assay for GUS activity was made with 4-methyl-umbelliferyl-13-D-glucuronide as the substrate (Jefferson et al., 1987) . GUS expression also was assayed histochemically, essentially according to the method of Jefferson et al. (1987) as modified by Kosugi et al. (1990) . Tissues excised from transformed and untransformed plants of N. rustica were exposed briefly to a vacuum in a desiccator to facilitate penetration of the GUS assay solution, after which they were incubated at 37 ~ overnight then fixed with 70% ethanol. The GUS assay solution contained 1.9 mM X-Gluc, 20% methanol, 0.5 m~ potassium ferricyanide, 0.5 mM potassium ferrocyanide, and 0.3% Triton X-100 in 0.1 M sodium phosphate buffer (pH 7.0).
Results
Regeneration and cytological observation
The selection of bombarded pollen with kanamycincontaining medium produced three kanamycin-resistant pollen embryoids from a total 2 x 10 6 bombarded immature pollen cells (2 • 105 per filter paper) within 1 month after bombardment. As the embryoids were derived from three independent shots, they therefore are considered to have been originated from different transformation events. No kanamycin-resistant embryoids developed from the nonbombarded N. rustica pollen.
The putative transgenic pollen embryoids were transferred in solidified MS medium containing 3% sucrose and kanamycin 200 mg 1-1 about 40 days after bombardment. Two developed into kanamycin-resistant plantlets (lines 1 and 2) about 2 months after bombardment. These plantlets were propagated vegetatively on the same medium for 4 to 10 months, then the more than 10 vegetatively propagated individuals of each line were tranferred to pots. Figure 2A shows a typical plant developed from the kanamycin-resistant plantlets of the two lines. All the regenerated plants of each line were dwarf and had shortened stamen filaments, characteristics of haploid plants regenerated from immature pollen (data not shown). Figure 2B shows typical metaphase chromosomes of root tip cells from the two lines of putative transgenic plants. The number of metaphase chromosomes counted in the root tip ceils of both lines was 24, the same number as in the N. rustica haploid genome (Narajan and Rees, 1974) , evidence that both putative transgenic plant lines were haploid.
Both lines had aborted pollen grains in their anthers at the mature stage, probably because of haploidy. Greatly reduced pollen grain viability also was confirmed by the fluorochromatic reaction (FCR) test. These plants produced no seeds after self-pollination (data not shown). Currently, we are using colchicine treatment to regenerate doubled haploid plants in order to obtain seeds.
Southern blot analysis of the putative transgenic plants
Results of Southern blot analyses of the total DNA from the leaves of the putative transgenic plants (lines 1 and 2) and those of untransformed control plants of N. rustica are shown in Fig. 3 . The total DNAs were electrophoresed before and after the digestions with the various t"q In the line 1 digest restricted with HindIII, which excises the 1.7 kb nptlI expression cassette from pBN24 (see Fig. 1 ), we detected a band corresponding to this cassette (lane 5, panel A) but not in the line 2 digest (lane 9, panel A). Digestion with Bam HI, which excises the 1.0kb nptlI coding sequence from pBN24 (see Fig. 1 ), gave a band corresponding to this sequence in both lines (lanes 6 and 10, panel A) . The nptlI expression cassette therefore is considered to be integrated in the correct form in line 1 but not in line 2. Because the plants of line 2 did not have NPTII activity, although much less than plants of line 1 (see below), the nptlI expression cassette in line 2 may be truncated at the genomic DNA of the CaMV35S promoter and/or NOS terminator sites.
In the digest restricted with HindlII/Eco RI which excises the 3.0 kb gus A expression cassette from pBN24 (see Fig. 1 ), we detected a band corresponding to the cassette in line 1 (lane 5, panel B) but not in line 2 (lane 9, panel B). Digests with Xba I/Sac I which excises the 1.9 kb gusA coding sequence from pBN24 (see Fig. 1 ) gave a band corresponding to this sequence in line 1 (lane 6, panel B), but not in line 2 (lane 10, panel B). These results show that the gus A expression cassette is integrated in the correct form in line 1 but not in line 2. Because the XbaI/SacI digest of line 2 has a 1.7 kb fragment (lane 10, panel B) of shorter length than the intact gusA coding sequence (see Fig. 1 ), no intact sequences of the gus A coding region are integrated in line 2. Consistent with this is the fact that line 2 plants had no detectable GUS activity (see below).
The number of copies of the introduced transgene was estimated from a comparison of the signal intensity of the copy-number standard and the corresponding band in the Southern blots. Line 1 respectively had four and three copies of the intact nptlI and gus A gene expression cassettes per haploid genome. Line 2 was estimated to have four copies of the intact nptlI coding sequence per haploid genome. Table 1 shows the NPTII activity in leaf extracts of the transformant plants of lines 1 and 2. Clearly, NPTII activity in the line 1 plant is ca 15-fold that of the control plant. The corresponding activity of the line 2 plant, however, is only ca 1.7-fold. The reason for the low NPTII activity in the line 2 plant is not clear, but it may be related to Southern analysis results showing that this fine does not contain the intact nptII expression cassette in its genome. Table 2 shows the GUS activities in the leaf extracts of these two lines of transgenic plants determined by fluorometric assay. The line 1 extract has GUS activity that is ca 250-fold that of the control, whereas the line 2 extract does not show GUS activity above that of the control. This latter result is understandable because the line 2 plant does not have the intact gusA coding sequence in its genome (see Fig. 3 ).
NPTII and G US expression in transgenic plants
The histochemical assay results for GUS expression in the transgenic plant tissues are shown in Fig. 4 . Some leaves were stained uniformly (A), other showed chimaeric staining (B). Vascular tissues were strongly stained both in the stem (D) and roots (E). Flowers at anthesis were well stained in parts of the sepal and faintly stained at the base of the stigma (F). A chimaeric staining pattern also was frequent in stem tissues (data not shown). The reason(s) for chimaeric staining of the leaves and stems is not known, possibly the plants themselves have a chimaeric nature rather than differences in penetration of the X-Gluc substrate or cellspecific expression of the gus gene. We are now using colchicine treatment to produce homozygous doubled haploid plants in order to analyse the genetic stability of the transgenes. Note that no blue staining is present in the line 2 plants (see C).
Discussion
Starvation treatment of N. rustica pollen cells at the mid-bicellular stage in 3 days in nutrient-free medium, caused starch grains to disappear and the formation of a vacuole and a characteristic cytoplasm suspended in the central area of the cell by cytoplasmic strands, but there was no division of pollen cells as reported previously (Kyo and Harada, 1990) . All the bombardments therefore were made into pollen cells that had not undergone division rather than to dividing or divided pollen cells.
In our preliminary experiments, 3-day-cultured immature pollen cells of N. rustica that had been bombarded with plasmid pBN24, as described in Materials and methods, were cultured for 24 h then assayed histochemically for GUS expression. Blue, GUS-expressing pollen cells were present at the frequency of ca 1.4 • 10 -3. This value is very close to a previous result showing that the frequency for freshly isolated immature pollen cells of N. rustica bombarded with pBI221 was 1.2 x 10 -3 (Nishihara et al., 1993) . This transient expression of the gusA gene shows that gene delivery to the 3-day-cultured immature pollen cells was as effective that to freshly isolated pollen.
Our results show two lines of transformants were regenerated from a total of 2 • 106 bombarded cells. The ratio of conversion from transient expression of the gusA gene (see above) to stable transformation was about 10 -3 . This ratio is much lower than that obtained in the transformation of somatic cells by particle bombardment (Klein et al., 1988, Finer and McMullen, 1990) . Because the experimental results also showed that several hundreds of plants could be regenerated without kanamycin selection from one nonbombarded filter containing 2 x l0 s immature pollen cells of N. rustica (data not shown), we need now to test other selectable marker genes, such as hpt and bar, to see if more efficient transformation can be obtained.
We here have shown for the first time that stable transgenic haploid plants of Nicotiana rustica can be regenerated from immature pollen transformed by particle bombardment. Transgenic haploid plants also have been produced by electroporation of protoplasts isolated from microspore-derived cultures of maize (Sukhapinda et al., 1993) . Transgenic haploid plants are useful materials for basic genetic studies and the breeding of higher plants because they show recessive traits and homozygosity is achieved rapidly for introduced foreign genes, thereby circumventing the problem of segregation. Such plants also should prove useful for gene-tagging and mutation studies because of the advantage of dealing with a single genome.
